Objectives: The aim of this study was to correlate magnetic resonance imaging (MRI) of castration-resistant prostate cancer (CRPC) bone metastases with histological and molecular features of bone metastases. Materials and Methods: Forty-three bone marrow biopsies from 33 metastatic CRPC (mCRPC) patients with multiparametric MRI and documented bone metastases were evaluated. A second cohort included 10 CRPC patients with no bone metastases. Associations of apparent diffusion coefficient (ADC), normalized b900 diffusion-weighted imaging (nDWI) signal, and signal-weighted fat fraction (swFF) with bone marrow biopsy histological parameters were evaluated using Mann-Whitney U test and Spearman correlations. Univariate and multivariate logistic regression models were analyzed. Results: Median ADC and nDWI signal was significantly higher, and median swFF was significantly lower, in bone metastases than nonmetastatic bone (P < 0.001). In the metastatic cohort, 31 (72.1%) of 43 biopsies had detectable cancer cells. Median ADC and swFF were significantly lower and median nDWI signal was significantly higher in biopsies with tumor cells versus nondetectable tumor cells (898 Â 10 −6 mm 2 /s vs 1617 Â 10 −6 mm 2 /s; 11.5% vs 62%; 5.3 vs 2.3, respectively; P < 0.001). Tumor cellularity inversely correlated with ADC and swFF, and positively correlated with nDWI signal (P < 0.001). In serial biopsies, taken before and after treatment, changes in multiparametric MRI parameters paralleled histological changes. Conclusions: Multiparametric MRI provides valuable information about mCRPC bone metastases. These data further clinically qualify DWI as a response biomarker in mCRPC.
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Key Words: prostate cancer, bone metastases, multiparametric MRI, diffusion-weighted imaging, biopsies (Invest Radiol 2018; 53: 96-102) T herapeutic options for patients with metastatic castration-resistant prostate cancer (mCRPC) have increased over the last decade with the approval of several agents improving overall survival. [1] [2] [3] [4] Yet, as progression on these treatments inevitably ensues, mCRPC remains a fatal condition. For optimal development of more precise therapeutic strategies, there is a need for the clinical qualification of predictive biomarkers, which requires acquisition of tumor material, and better response biomarkers to guide therapeutic decisions.
Bone metastases are the most common (>80%) metastatic site in advanced mCRPC; in more than 40% of the patients, these represent the sole site of metastatic spread. 5 Although metastatic bone marrow biopsies have been successfully implemented in prior studies, 6 acquiring these samples remains difficult as bone marrow biopsies can yield specimens with poor tumor content due to increased sclerosis or response to previous therapies. Imaging that could increase the likelihood of obtaining high-quality tumor samples remains a highly desirable goal. 7 Furthermore, standardized imaging response criteria for bone metastases remain a major unmet medical need. 8, 9 Multiparametric (MP) magnetic resonance imaging (MRI) including T1-weighted sequences, diffusion-weighted imaging (DWI), and Dixon quantitative chemical shift imaging-derived fat fraction (FF) allows the study of anatomical and functional features of bone marrow. Diffusion-weighted imaging studies the random movement of water molecules within a tissue and has high sensitivity and specificity for the detection of bone metastases. 10 Multiple studies have previously shown a strong correlation between apparent diffusion coefficient (ADC), the quantitative parameter derived from DWI, and tissue cellularity in soft tissue tumors. [11] [12] [13] [14] [15] [16] [17] In addition, several studies have shown significant ADC differences between normal bone marrow and malignancies in the bone. [18] [19] [20] However, only limited data are available correlating DWI parameters with cellularity and other histological features in bone metastases. 21, 22 Translational studies correlating functional imaging and the underlying histology are critical for clinical qualification of MP-MRI as a prognostic and response biomarker in prostate cancer bone metastases.
Normal bone marrow contains both fat and water (yellow marrow approximately 80% fat; red marrow approximately 40% fat). 23 Malignant cells displace the bone marrow fat cells causing a reduction in fat content; conversely, successful therapies are associated with return of normal bone marrow fat. 24 Dixon quantitative chemical shift imaging uses the difference in resonance frequency between water and fat to estimate FF of a tissue. 23 We hypothesized that MP-MRI provided accurate in vivo information about bone metastases characteristics. We correlated MRI quantitative parameters of mCRPC bone metastases within the biopsy tract, including ADC, normalized b900 DWI (nDWI) signal intensity, and signal-weighted fat fraction (swFF), with histological and molecular bone biopsy features including tumor cell burden, immature osteoid burden, fibrosis, proportion of fat, expression for the phosphatase and tensin homolog (PTEN, a tumor suppressor gene frequently deleted or mutated in prostate cancer resulting in lack of protein expression), and Ki67 proliferation index. We also assessed the MP-MRI features of normal bone marrow in a subgroup of patients with prostate cancer and no evidence of bone metastases on multimodality imaging.
MATERIALS AND METHODS
This was a retrospective study conducted under Royal Marsden Research Ethics Committee approval. Written informed consent was obtained from all patients.
Patient Population
We reviewed all consecutive posterior iliac crest bone marrow biopsies and MP-MRI in mCRPC patients at The Royal Marsden Hospital (United Kingdom) performed between May 2012 and March 2016 as part of a prospective molecular characterization study. 6 Study inclusion criteria were (a) bone metastases in the posterior iliac crest, corresponding to the area of the routine bone marrow biopsy, based on computed tomography (CT), bone scan (BS), and MRI; (b) MP-MRI within 12 weeks before the bone biopsy; and (c) presence of a visible bone biopsy tract in the posterior iliac crest on a subsequent CT. Cases were excluded if (a) bone biopsy did not include bone tissue or (b) MP-MRI study had suboptimal DWI due to artifacts or was incomplete.
A second control cohort included 10 consecutive patients who underwent MP-MRI but had no detectable bone metastases on a CT and BS performed with 12 weeks of the MP-MRI and either on the MP-MRI; no bone biopsies were obtained in this cohort for ethical reasons. To be included in the control cohort, cases had to (1) have a prior diagnosis of prostate cancer, (2) be under castration treatment, and (3) have both a CT and a BS performed within 12 weeks of the MP-MRI.
Clinical Data Collection
Data from patient records were collected into an anonymized database; these included age, prior treatments, and laboratory parameters at the time of the MRI. The presence of bone metastases was assessed based on CTand BS performed at any time point before the bone biopsy and MP-MRI performed within 12 weeks before the bone biopsy, in all cases.
Histological and Molecular Parameters
Bone biopsies were decalcified in 14% EDTA and processed as previously described. 7 Sections were cut at 2 μm onto glass slides and stained with hematoxylin and eosin. A pathologist (D.N.R.) blinded to clinical and radiological data reviewed the biopsies. Tumor cellularity was semiquantitatively scored into 4 tiers: 0 (no tumor cells), +1 (≤50 tumor cells), +2 (50-250 tumor cells), and +3 (≥250 tumor cells) by section. Trabecular volume was semiquantitatively calculated as described by Teman et al. 25 Gross fibrosis and immature osteoid (woven bone) content were semiquantitatively scored as follows: 0 (absent), +1 (present in <1/3 of biopsy), +2 (≥1/3 to <2/3 of biopsy), and +3 (≥2/3 of biopsy). Fat content was defined as the area occupied by fat/ total biopsy area (Â100). PTEN and Ki67 were assessed by immunohistochemistry as previously described.
26 PTEN loss was defined as H-score of 10 or lower.
MP-MRI Parameters
Multiparametric-MRI was performed on a 1.5 T MRI scanner (Magnetom Avanto or Aera Siemens Healthcare, Erlangen, Germany), using surface and body coils on patients positioned supine (Supplemental Digital Content 1, Supplementary Table 1 
MRI and CT Analysis
Images were processed and analyzed with open-access imaging assistant software (Osirix v5.6) by a single radiologist (R.P.L.), blinded Investigative Radiology • Volume 53, Number 2, February 2018 MRI in Prostate Cancer Bone Metastases to pathology and molecular data. The biopsy tract was identified on a postbiopsy axial CT; a 2-dimensional region of interest (ROI) delineating the biopsy tract was manually drawn. In the population with no bone metastases, 2 bilateral ROIs delineating the posterior-superior iliac crests at 1 level, representative for where standard bone marrow biopsies are usually performed, were manually drawn. The axial CT and DWI sequences (b900, ADC, and FF maps) taken prebiopsy were coregistered using the Osirix Insight Segmentation and Registration Toolkit 27, 28 ; the ROIs were then transferred to the b900 images, ADC, and swFF maps. To perform DWI signal normalization, ROI muscle were delineated on b900 images within the gluteus maximus muscle at the same side and level as the iliac crest bone marrow biopsy; nDWI was defined as the ratio of biopsy tract b900 signal intensity to muscle ROI b900 signal intensity. The following data were collated for each ROI on MRI: nDWI signal intensity, ADC, and swFF.
If a CT was performed within 12 weeks of the bone biopsy, coregistration of the CT prebiopsy and postbiopsy was performed; CT density (Hounsfield units [HU] ) of the ROI corresponding to the biopsy tract in the prebiopsy CT scan images was recorded.
BS Analysis
If a whole-body BS had been performed within 12 weeks before the bone biopsy, bone scan index (BSI) was calculated using an automated BSI scoring software (Exini Diagnostics, Lund, Sweden). 29 
Statistical Analysis
Descriptive statistics were used to summarize the baseline clinical, histological, and molecular characteristics and imaging features. Differences in MP-MRI and CT parameters between regions positive and negative for tumor cells on bone biopsy were assessed using Mann-Whitney U tests. Univariate analyses were performed using logistic regression models. Variables with a statistically significant association to bone biopsy positivity for tumor cells (P < 0.05) were included in a multivariate logistic regression model. Correlations between MP-MRI, histological, and molecular parameters were assessed using Spearman correlation (r). The performance of the imaging biomarkers was evaluated by receiver operating characteristic curve analysis and linear discriminant analysis. Statistical analyses were performed with Stata version 13 (StataCorp) and SPSS version 20 (IBM).
RESULTS

Patient and Bone Biopsy Characteristics
The flowchart of the study selection process is shown in Supplemental Digital Content 2, Supplementary Figure 1 , http://links.lww. com/RLI/A347. In the cohort of patients with bone metastases, 43 bone biopsies from 33 patients (all male; median age, 72 years; range, 48-84 years) were evaluable. Thirty-one (72.1%) of these 43 biopsies were positive for tumor cells with 12 (27.9%) of 43 having no tumor cells. In the cohort of patients with no detectable bone metastases, 10 CRPC patients were included (all male; median age, 69 years; range, 53-75 years). The population characteristics are summarized in Table 1 . The histological and molecular characteristics of the bone biopsies are summarized in Table 2 .
MP-MRI of Bone With or Without Prostate Cancer Bone Metastases
The median ADC of bone metastases was significantly higher than in nonmetastatic iliac crests: 993 Â 10 /s), respectively (P < 0.001). The median nDWI signal was 4 (IQR, 2.6-6.7) in the bone metastases cohort and 1.6 (IQR, 1.4-2.7) in the cohort without bone metastases (P < 0.001). The median swFF in bone metastases was 16% (IQR, 9%-45%), significantly lower than in nonmetastatic bone, which was 63% (IQR, 60%-76%; P < 0.001).
Bone Metastases: MRI and Histological Parameters
The median ADC in the region of bone biopsies containing tumor was 898 Â 10 We then evaluated whether the combination of these parameters could improve their performance, using Linear Discriminant Analysis. Because of the high correlation between median nDWI and median ADC (P < 0.001), only median ADC and median swFF were considered in the model. The function combining median ADC and median swFF was able to significantly discriminate biopsies with tumor from biopsies without tumor and nonmetastatic bone (Wilks λ = 0.31; P < 0.001). The function combining median ADC and median swFF had a sensitivity of 80% and a specificity of 96% for the detection of a positive bone marrow biopsy; 91.4% of the cases were correctly Table 2 , http://links.lww.com/RLI/A350).
There was an inverse correlation between histological cellularity burden as an ordinal variable and ADC (P < 0.001) and swFF (P < 0.001), as well as a positive correlation with nDWI signal intensity (P < 0.001). We also observed a positive correlation between the median swFF on MP-MRI and percentage of histological fat content in the bone biopsies (P < 0.001) ( Table 3) .
Immature osteoid and fibrosis in the bone biopsies were associated with positive biopsy results; in multivariate analysis, median ADC remained independently associated with biopsy positivity for tumor cells (P = 0.050) ( Table 4) .
In our series, median ADC of bone metastases did not correlate with Ki67 proliferation index (r = 0.28, P = 0.180) or loss of PTEN expression (r = −0.34, P = 0.118).
Evaluating Bone Metastases by CT and BS
For 39 (90.7%) of 43 biopsies in the bone metastases cohort, a CT scan performed within 12 weeks before the biopsy was also available. All the 10 patients in the cohort without bone metastases also had a CT scan performed within 12 weeks of the MP-MRI.
Computed tomography density was significantly higher in the presence of metastatic disease than in the bone with no metastases (median, 252 HU; IQR, 191-337.50 HU vs 67 HU; IQR 35-85 HU; P < 0.001).
In 
Features of Serial Bone Biopsies
In 3 cases, biopsies of the posterior-superior iliac crest were taken at more than 1 time point, before and during treatment with different anticancer therapies. Two of these cases were initially biopsied in the presence of disease responding to therapy based on the PCWG2 criteria; in these posttreatment biopsies, median ADCs were high with biopsy analyses identifying no tumor cells. At disease progression established according to PCWG 2 criteria, however, median ADCs decreased and repeated bone biopsies detected tumor cells (Fig. 2) . In the third patient with serial bone biopsies, a 74-year-old man with mCRPC who had received previous radiotherapy to the pelvis before the first biopsy, the median ADC of the biopsied iliac crest was similar at the 2 time points (1668 Â 10 
DISCUSSION
In this study, we correlated MP-MRI parameters of bone metastases, and of nonmalignant bone, with bone marrow biopsy histological and molecular features in treated patients with CRPC. These findings contribute to the clinical qualification of MP-MRI as a biomarker of mCRPC. We have shown that MP-MRI features including nDWI signal intensity, ADC values, and swFF successfully differentiate nonmetastatic bone from bone metastases in CRPC patients. The nDWI signal intensity and ADC values in normal bone marrow in our population were similar with those previously described 18 ; these are closer to the described values in yellow bone marrow than in red bone marrow, in line with the high swFF observed in our study. These are consistent with the advanced age of our population and chronic exposure to hormonal ablation for prostate cancer treatment. Low signal intensity and FIGURE 2. A 79-year-old man with widespread bone metastases, CT, MP-MRI (DWI, ADC, and FF), and bone biopsy histology during disease response (A) and at disease progression (B) to abiraterone. A green ROI delineating the biopsy tract on CT imaging was transferred to registered MRI sequences (DWI b900, ADC map, and FF map). The bone biopsies were decalcified, processed, and stained with hematoxylin and eosin. A black rectangle in Â40 panel marks the region depicted in the Â200 panel. Median nDWI signal intensity in the area of the bone biopsy during disease response (A) was lower than at disease progression (B) (2 vs 5), whereas median ADC values and swFF were higher during disease response (A) than at disease progression (B) (1342 Â 10 −6 mm 2 /s vs 899 Â 10 −6 mm 2 /s; 20% vs 13%, respectively). In concordance with MRI parameters, despite both biopsies being targeted to imaged bone metastases, the bone biopsy at disease response (A) was negative for tumor cells and had 30% fat content, whereas at disease progression (B), the bone biopsy was positive for tumor cells and had 5% fat content.
low ADC values of yellow bone marrow are likely to be related to an abundance of fat cells and reduced water proton density.
Within the bone metastases cohort, MP-MRI parameters predicted the presence and degree of cellularity of metastatic disease in bone biopsies. In this heavily pretreated population, the absence of tumor in negative biopsies likely reflects tumor cell kill after prior treatments. We have shown a significant inverse correlation of ADC and swFF, and a significant positive correlation of nDWI signal intensity with bone metastasis tumor cellularity burden. This supports using MP-MRI to guide bone biopsy acquisition in mCRPC for molecular and histological studies. Our studies do indicate, however, that ADC values and nDWI signal are also influenced by other histological findings, such as the presence of osteoid and fibrosis in biopsies. Nevertheless, when controlling for fibrosis and osteoid in multivariate analysis, median ADC was still independently correlated with tumor cellularity. Furthermore, by using DWI b50 rather than b0 as our low b-value in the DWI acquisition, we have reduced the influence of blood flow variability on calculated ADC values. Lastly, in our study, MRI parameters including ADC, nDWI and swFF were more informative of active versus nonactive bone metastases when compared with CT scan bone HU.
We acknowledge potential limitations of our study; first, our pilot sample size is small, although still representing the largest series presented to date of bone biopsy to MP-MRI correlative studies for this disease. Furthermore, external validity of the performance of these biomarkers by receiver operating characteristic curve and linear discriminant analysis is limited, due to the absence of a validation cohort. Analyzing larger populations in prospective, multicenter validation studies is now warranted for validation of these results. Second, the retrospective nature of this study may have led to some bias; patients have been previously treated with different drugs including 10 patients who received bisphosphonates; this may account for differences in the MRI parameters, although, the number of patients was small for performing subgroup analyses. Ideally, the MRI, CT, BS, and bone biopsy should have been obtained simultaneously. However, we consider that the 12-week maximum interval between the scans and biopsy is reasonable considering the retrospective nature of this study and should not have substantially impacted these results. Moreover, MRI, CT, and BS assessments were always performed before the bone biopsy, avoiding artifacts secondary to the biopsy procedure. Third, we estimated the bone marrow fat as the swFF based on a 2-echo Dixon sequence instead of multiecho acquisition, which would allow a more reliable proton density FF quantification. 23, 30 Fourth, histopathological analyses were performed with core-needle biopsies and the small area of the drawn ROIs on MRI and CT may not have been representative of tumor heterogeneity. Finally, further studies correlating MRI with histopathology features from CT-guided bone metastases in areas outside the pelvis, more prone to MRI artifacts, maybe of interest to validate these results in bone metastases throughout the skeleton.
Overall, MP-MRI is a powerful noninvasive biomarker of the histological features of bone metastases in prostate cancer. Multiparametric MRI differentiates normal bone marrow from bone metastases, and also bone metastases with detectable tumor cells from those without tumor cells at biopsy, which can aid bone biopsy guidance. Finally, we have reported that changes in DWI parameters and histological features parallel tumor progression and regression, probably as a result of response to treatment. Overall, these findings, together with recent published clinical studies, 31, 32 further support the clinical utility of MP-MRI as a biomarker of bone metastases in mCRPC.
